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b) Status of the research effort: Enhanced Second-Order Optical Nonlinearities in Extended
Thiophene Containing Compounds

Part I Dicyanovinyl and phenylisoxazolone compounds

1.1. INTRODUCTION

In an attempt to understand and optimize second-order optical nonlinearities of organic molecules,
our group has correlated the first hyperpolarizability () with a molecular parameter, bond length
alternation (BLA), defined as the difference in length between adjacent carbon-carbon bonds in a
conjugated chain.1-3 Theoretical calculations? predict that B is maximized when IBLAI is ~0.04
A. We believe, however, that it will be difficult to obtain this value of IBLAI needed to maximize
B with conventional chromophores that have strongly aromatic ground-state structures, e.g. those
containing stilbene bridges. Thus, for molecules containing multiple phenyl groups, the aromatic
stabilization in the neutral canonical resonance form will hinder charge-separation and
consequently lead to large values of IBLAI and in most cases, diminished nonlinearities. Much
larger nonlinearities can often be achieved for a given donor-acceptor combination when the
conjugated bridge between the donor and acceptor possesses reduced aromatic stabilization energy
in the neutral form, e.g. a polyene chain or a heterocycle.5-10 For example, Jen et al. have
synthesized and characterized several thiophene containing compounds with a range of acceptors
including nitro, dicyanovinyl and tricyanovinyl.6-10 Their results indicate that thiophene
compounds have much larger nonlinearities than the analogous phenyl containing chromophores.
Alternatively, large nonlinearities can be achieved if one can utilize a functionality that can gain
aromaticity upon charge separation. One such group is the acceptor functionality, 3-phenyl-5-
isoxazolone (Figure 1.1). In particular, Marder et al. have found that compounds containing this
acceptor can have unprecedented nonlinearities.> The 3-phenyl-5-isoxazolone compounds with
the largest nonlinearities also contain extended polyene chains, which, although they are very
polarizable, compromise the high temperature stability of the materials required for many poled

polymer applications.11,12




When the 3-phenyl-S-isoxazolone acceptor is connected to a phenyl or thiophene ring by a
single methine bridge, steric interactions prohibit the acceptor and bridge rings from being
coplanar. As a result, there is a reduction in the overlap between the n-electron systems of the
bridge and acceptor, which would reduce the molecular polarizability and could therefore lead to
diminished 8. We therefore synthesized new thiophene containing compounds with zero or one
vinyl group between the thiophene and 3-phenyl-5-isoxazolone acceptor, to determine whether the
extra double bond would lead to a significant enhancement of B. For comparison, we also
synthesized analogous compounds containing the dicyanovinyl acceptor, in which both the
shorter and longer compounds are expected to be planar. Finally, we compared the stabilities of
these longer compounds with those of the shorter ones and measured the electro-optic coefficients
of host-guest poled poly(methyl methacrylate) (PMMA) polymer systems containing these

chromophores.

Figure 1.1: Limiting resonance structures of a 3-phenyl-5-isoxazolone acceptor substituted
polyene. The charge-separated form on the right has lost the aromatic stabilization of the phenyl

ring but has gained aromatic stabilization in the isoxazolone acceptor.

1.2. EXPERIMENTAL

1.2.1 Synthesis
Scheme 1 illustrates the syntheses of the thiophene chromophores with dicyanovinyl and

3-phenyl-5-isoxazolone acceptors. These compounds were purified by chromatography on silica




and recrystallized from dichloromethane by cooling and adding hexanes. The compounds were
characterized by electronic absorption and !H nuclear magnetic resonance (NMR) spectroscopy,

as well as elemental analysis.

1.2.2 Nonlinear optical characterization

The uf values, where p is the molecular dipole moment, were measured in chloroform
solption by the electric field induced second harmonic generation (EFISH) experiment, using
1.907 pm fundamental radiation. Full details of this experiment are given elsewhere.13 Non-
resonant electro-optic (r33) coefficients of poled films of a PMMA host matrix loaded with 1 or 2
mole % of chromophore were obtained by a thin film modulated ellipsometry technique, using a
1.3 um laser diode source.14-16 Spin-coating a filtered (0.2 pm pore size) chlorobenzene
solution of dye and PMMA onto a glass slide produced 1 pm thick films, as determined by a
surface profiling instrument. This 1 pm thickness was achieved by using 7 ml of solvent to 0.5 g
of PMMA and 1 mmol of dye (for 2 mole % loading) and spinning at a rate of 800 rpm for 2
minutes. For guest-host systems the loading level was limited by the solubility of the
chromophore in the PMMA/chlorobenzene film-casting solution. The center of the slide was
coated with a strip (7 mm wide) of transparent indium tin oxide (ITO), that acted as one electrode
for poling. The films were baked, above the glass transition temperature (Tg), for three hours
under vacuum, at 120 OC, to remove residual solvent. The upper electrode was formed by
evaporating a strip of aluminum (~100 nm thick) in a direction perpendicular to the ITO electrode.
Thus, an active square area of ITO, polymer film, aluminum was formed in the center of the glass
substrate. Thin wire contacts were attached to the upper and lower electrodes using silver paste.
Anisotropy was induced in the samples by applying a DC voltage (100 V) across the film, while
the specimen was held above Tg for two minutes. With the field still applied, the sample was
then allowed to cool to room temperature.

A schematic of the experimental set-up is shown in Figure 1.2. The laser beam is passed

through a polarizer with its polarization vector maintained at 459, so that the parallel (p-wave) and




perpendicular (s-wave) components of the optical field are equal. At an incidence angle 6, the
beam propagates through the glass substrate, the ITO and the polymer film and is reflected from
the aluminum electrode. The reflected beam then passes through a variable phase-retarder and an
analyzer crossed with respect to the polarizer, and is then detected by a germanium photodiode.
When a modulating voltage at 300 Hz is applied across the electrodes, the electro-optic effect
causes an anisotropic change in the refractive index of the polymer matrix which alters the path
length and phase angle between the s- and p-waves. This change in phase angle is converted to
intensity modulation of the beam by the analyzer. The phase-retarder biases the output light
intensity at half the intensity point, Ic. Using the approximation that r33 = 3r3], where 1 and 3
represent directions parallel and perpendicular to the film, respectively, and assuming that the
ordinary and extraordinary refractive indices, no and ne, are equivalent and that there are no

multiple reflections, then the electro-optic coefficient can be ootained as

3 I.(n —sin? e)" 2

3= 4ftV.Ln2 sin2 6

M

where A is the wavelength of the incident light, I is the half intensity of the modulating signal,

and Vp is the magnitude of the modulating voltage.
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Scheme 1.1: Reaction schemes for the syntheses of thiophene chromophores. Steps: (a)
piperidine, dimethyl sulfoxide, aliquat 336, 110 °C, 48 hr. (70%); (b) 37% hydrochloric acid,
-10 ©C, 1 hr (98%); (c) triphenyl phosphine, ethanol, room temp., 18 hr. (65%); (d) ethanol,
sodium ethoxide, argon, 1 hr. (57%) (e) i) butyl lithium, dry tetrahydrofuran, argon, -50 °C - 0
OC,, 1 hr. ii) dimethyl formamide, -70 °C, argon, S min. iii) 10% hydrochloric acid (70%); (f)
i) butyl lithium, dry tetrahydrofuran, argon, -50 °C - 0°C., 1 hr. ii) 3-(Dimethylamino)-
acrolein, -70 °C, - room temp., argon, 1 hr. iii) 10% hydrochloric acid (26%); (g)
malononitrile, triethylamine, chloroform, 65 ©C, 30 min. ( n=0, 63%; n=1, 60%); (h) 3-phenyl-
5-isoxazolone, piperidine, ethanol, 85 ©C, 30 min. (n=0, 48%; n=1, 20%).
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Figure 1.2: Experimental set-up for the electro-optic measurement.

1.2.3 Thermal stability tests

The samples used for thermal stability tests were identical to those used for electro-optic
studies with the exception that the glass substrate had no ITO coating and the upper aluminum
electrode was not deposited. The optical absorbance of the film was determined, the sample was
baked at a specific temperature for 3 hours in air, and the absorbance re-measured. The
degradation of the chromophore was determined by the ratio absorbance at the absorption

maximum (Amax) before and after baking.

1.3. RESULTS
The optical absorption maximum in dioxane, the scalar product of p and B, up, as

determined by EFISH, the zero frequency form of up, (uB(0)) corrected for dispersion using a




two-state modell7, and r33 normalized to 2 mole % loading for thiophene containing compounds

are shown in Table 1.1.

Table 1.1: EFISH and electro-optic data for compounds 6 - 9.

Compound Amax up10~48  ppOy1048  loading 33
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Table 1.2 shows the percentage of chromophore remaining after baking at temperatures of 150,

170 and 190 °C.

Table 1.2: Percentage of initial absorbance retained at Amgax after heating for 3 hours for
compounds 6 - 9.

Compound 150 (°C) 170 (°C) 190 (°C)
6 96 68 67
7 96 75 65
8 94 43 45
9 100 63 30




1.4. DISCUSSION

The first hyperpolarizabilities of 6 - 9, when compared to the prototypical nonlinear
optical chromophore, 4-N,N-dimethylamino-4'nitrostilbene (DANS), where up = 470 x 10-30
esu,18 are all fairly large. The phenyl containing compound analogous to 6 has a uf} of 1100 x
10-30 esu, which is around half that of the thiophene compound.8 Thus, this enhanced
nonlinearity is not only derived from the stronger acceptors and extended conjugation, but also
from replacing the phenyl rings with thiophenes. As shown by both the EFISH and electro-optic
data, the chromophores containing the 3-phenyl-5-isoxazolone acceptors, 8 and 9, have greater
nonlinearity than their dicyanovinyl counterparts 6 and 7. We believe this enhanced nonlinearity
is due to the 3-phenyl-5-isoxazolone acceptor gaining aromaticity when going to the charge-

separated form, leading to a more optimal degree of ground-state polarization and BLA.

Adding an extra double bond between the thiophene group and the acceptor is also seen to
enhance the up and r33 values for both the dicyanovinyl and 3-phenyl-5-isoxazolone compounds.
As can be seen in Table 2, the addition of an extra bond does not appear to significantly reduce

the thermal stability of the chromophores.

1.5. CONCLUSIONS

‘We have shown that both the up and r33 values for the 3-phenyl-5-isoxazolone acceptor
compounds are greater than for their analogous dicyanovinyl counterparts and we believe that this
is due to the 3-phenyl-5-isoxazolone gaining aromaticity when in the charge-separated form. As
expected, increasing the length of the molecule, by adding an extra double bond between the
thiophene and the acceptor increases the nonlinearity, but does not lead to decreased thermal
stability even though this extra conjugation is derived from a polyene chain (3 carbon atoms long)
which are typically believed to be thermally unstable. We conclude that one can generate

increased nonlinearities by incorporating moieties which gain aromaticity in going from the neutral




to charge separated form and that short polyene-like chains within a molecule do not seem to

appreciably decrease the thermal stability
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Part II: Synthesis of Diarylthiobarbituric acid Chromophores with Enhanced
Second-order Optical Nonlinearities and Thermal Stability

2.1 INTRODUCTION
There is substantial effort being devoted to developing organic poled polymers for electro-optic
applications.! If this technology is to compete with inorganic crystalline materials, it is necessary
to: (i) incorporate a high density of chromophores with large optical nonlinearities into a polymer;
(ii) achieve a high degree of alignment of these chromophores and; (iii) lock in this alignment for
long periods (years) even at elevated temperatures (at least 80 ©C).2 In poled polymer systems,
the alignment is locked in place either by using host polymers with high glass transition
temperatures,3 at least 125-150 °C above the anticipated operating temperature, or by cross
linking the chromophore polymer -composite.4 In either case, it is necessary to develop highly
nonlinear chromophores that are thermally robust at temperatures in excess of 200 °C and,
preferably, that are covalently attachable to polymers. Recently, theoretical® and experimental®
studies suggest that chromophores with strongly aromatic ground states such as 4-N,N-
dimethylamino-4'-nitrostilbene, 1, (Scheme 2.1) will tend to have only moderate nonlinearities.
Thus, for 1, the dot product of the dipole moment and the first hyperpolarizability, uf3, which is
the relevant parameter for poled polymer applications, is 480 x 10 48 esu.”7 It has been shown
that by reducing the ground-state aromaticity by either replacing the phenyl-groups with
heterocyclic rings that lose less aromatic stabilization energy upon charge separation,53-€ or by
using extended conjugated ®-systems that incorporate acceptors such as 3-phenyl-5-isoxazolonetd
and diethylthiobarbituric acid,62 very large nonlinearities can be achieved. In the case of the
diethylthiobarbituric acid chromophores such as 2, (Scheme) for which uf = 9800 x 1048 esu,6d
the polyene chain of this chromophore does not have the requisite thermal stability to be poled at
temperatures in excess of 200 °C.8 In contrast, many of the heterocyclic chromophores,

including 3 (Scheme) exhibit excellent thermal stability well in excess of 200 ©C.3b In addition,
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Moylan et al.9 and we!0 have found that replacement of the ethyl groups in diethylthiobarbituric

acids with aryl group leads to chromophores with excellent thermal stability.

2.2 RESULTS AND DISCUSSION

Motivated to develop thermally robust and highly nonlinear chromophores, and building
upon the observations described above, we set out to synthesize chromophore 3 (Scheme 2.1). It
was our hope that replacement of: (i) the phenyl groups and extended polyene fragment in 2, with
the thiophene-vinyl-thiophene bridge in 4 and; (ii) the ethyl groups on the thiobarbituric acid with
phenyl groups, would significantly improve the thermal stability without sacrificing the
nonlinearity. In order to minimize steric interactions between the diphenylthiobarbituric acid and
thiophene rings that could preclude their coplanarity, a vinyl group was incorporated between the

thiophene bridge and the diphenylthiobarbituric acid ring.
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Scheme 2.1
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Compound 4 was prepared by reaction of 5,!! (Scheme 2.1) with diphenylthiobarbituric
acid in acetic anhydride. Chromatography of the crude 4 material on silica gel eluting with
dichloromethane and hexane (1:1) gave a blue solid on evaporation to dryness. After
recrystallization from dichloromethane compound 4 was isolated in 24% yield and was
characterized by !H nuclear magnetic resonance (NMR), ultraviolet visible and mass
spectroscopies.12 Electric field induced second harmonic generation? experiments on 4,
performed at two different laboratories, at 1.907 pm in chloroform (Dupont) and in
dichloromethane (EniChem America), were in good agreement, both giving up products of 8600
x 1048 esu. In both of these solvents, the absorption maximum for 4 was at 710 nm and thus the
correcting these values for dispersive enhancement using the two-level correction,!12 gave zero a
frequency value, uf(0), of 3300 x 10-43 esu, which is approaching an order of magnitude greater
that for 1 (UB(0) of 370 x 10-48 esu). Thermal stability studies on 4 dissolved in poly(methyl
methacrylate), PMMA, in which the absorption spectra were monitored before and after heating a
sample for 30 minutes, showed less than 10% change (at the absorption maximum) at
temperatures up to 210 °C. Furthermore, when 4 was poled as a host-guest system in PMMA at
0.5 mole% and 1 MVem-1 poling field, the resulting polymer had a electro-optic coefficient, r33,
of 2.6 pmV-! measured at 1.3 um, consistent with the large molecular nonlinearity.
Chromophore solubility prohibited incorporating concentrations greater than 1 mole% of this
chromophore in PMMA. Since covalent attachment of chromophores to polymers via one or
more bonds, in general, allows for incorporation of higher concentrations of chromophores, and
leads to improved temporal stability, we decided to synthesize a functionalized diarylthiobarbituric
acid. Thus, reaction of di(4-acetoxyphenyl)thioureal32 with malonic acid and acetyl chloride
gave, after deprotection of the hydroxy group in aqueous base, and acidic work-up, crude di(4-
hydroxyphenyl)thiobarbituric acid.!3b This crude material reacted cleanly with 4-N,N-
dimethylaminobenzaldehyde or 4-N,N-dimethylaminocinnimaldehyde in tetrahydrofuran, THF,
to give 6 and 7 (Scheme) respectively as microcrystalline precipitates, which after filtration were

13




isolated in analytically pure form. These compounds demonstrate that functionalized
diarylthiobarbituric acid chromophores suitable for covalent attachment to polymers can be
synthesized.

In summary, the compounds reported here demonstrate that it is possible to design
chromophores that simultaneously exhibit large nonlinearity and good thermal stability.
Furthermore, with the synthesis of di(4-hydroxyphenyl)thiobarbituric acid, we believe that it
should be possible to covalently incorporate, these and other rather nonlinear chromophores into

poled polymers at high concentrations. Experiments to test this hypothesis are in progress.

2.3 EXPERIMENTAL
Reaction procedure for 4.
A solution of § (0.4 g, 1.22 mmol) in acetic anhydride (30 ml) was added to a solution of 1,3
dipheny! thiobarbituric acid (0.54g, 1.82 mmol) in acetic anhydride (5§ ml). The resulting
solution immediately turned green/blue and was refluxed for 15 minutes. The acetic anhydride
was removed by adding water to the solution and extracting the product three time with
dichloromethane. The combined dichloromethane extracts were washed twice with water and
dried over magnesium sulfate. The solution was filtered and solvent removed under reduced
pressure. Yield 0.173 g (24%).
Characterizing data for 4: 1H NMR (CD2Clp) & 8.27 (dd, J = 14.0, 12.7 Hz, 1H), 8.20 (d,J =
12.7 Hz, 1H), 7.61 (d, J = 14.1 Hz, 1H), 7.45 (m, 6H), 7.35 (d, J = 4.1 Hz, 1H), 7.27 (m,
4H), 7.12 (d, J = 15.3 Hz, 1H), 6.96 (d, J = 4.1 Hz, 1H), 6.88 (d, J = 4.1 Hz, 1H), 6.59 d,J
= 15.4 Hz, 1H), 5.96 (d, J = 4.2 Hz, 1H), 3.24 (t, J = 5.6 Hz, 4H), 1.70 (m, 4H), 1.62 (m,
2H). High resolution MS calcd for Co6H29N302S3: 607. 1428. Found: 607.1422.

Reaction procedure for 3,5-bis-(4-hydroxyphenyl)-thiobarbituric acid.
1. 3.5-bis-(4-acetoxyphenyl)-thi

14




4-aminophenol (100g, 0.916 mol) and thiophosgene (35 ml, 0.458 mol) were added alternately
and in portions to 1 L of deionized water while it was being cooled in an ice bath. The reaction
vessel was shaken vigorously for several minutes after each addition of reactant. A brown oil
formed quickly with evolution of heat. After stirring ~15-20 minutes, solid sodium carbonate
(65g, 0.47 mol) was added in small portions with vigorous shaking between additions. Care
must be taken during this process since there is significant gas evolution. After most of the
sodium carbonate had been added, a white crystalline solid appeared, as well as small amount of
dark material. The dark solid slowly disappeared upon further shaking. The viscous slurry was
allowed to stand for 4 hours at which time all of the solid had become white. While the reaction
vessel was cooled in an ice bath, sodium hydroxide pellets (55g, 1.4 mol) were added in portions
to give dissolution of the white solid to a murky purple solution with evolution of heat. When the
reaction solution was cool, it was transferred to a 4 L beaker. Acetic anhydride (116 ml, 1.4 mol)
was added slowly to the reaction solution while the reaction ‘ution was being stirred vigorously
with a thick glass rod. White solid appears immediately when the acetic anhydride comes in
contact with the reaction solution. The reaction mixture quickly becomes a viscous slurry. After
all traces of the purple solution had disappeared from the mixture, the mixture was suction filtered

over paper and allowed to dry.

2. 3.5-bis-(4-hydroxyphenyl)-thigbarbituric acid.

Finely powdered, crude 3,5-bis-(4-acetoxyphenyl)-thiourea (40.9 g, 0.119 mol) and malonic acid
(12.3 g, 0.119 mol) were added to a 1L round bottom flask and the flask shaken thoroughly.
Acetyl chloride (19 ml, 0.238 mol) was added and again the mixture was shaken and stirred
thoroughly. The flask was then connected to an ethanol bubbler and the reaction was heated in a
water bath (100°C) for 5.5 hours. Gas was evolved and the dirty gray mixture became a viscous
yellow mass. The reaction mixture was allowed to cool and sit overnight. The mixture was
partitioned between 30 ml of dichloromethane and saturated sodium bicarbonate solution. The

dichloromethane solution was washed with the sodium bicarbonate solution until addition of
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concentrated hydrochloric acid to small portions of the sodium bicarbonate solution gave no pale
yellow solid. The combined aqueous sodium bicarbonate portions were washed once with
dichloromethane. The final volume of aqueous sodium bicarbonate solution was 1 liter. To this
solution was added sodium hydroxide pellets (23.9 g, 0.597 mol) which dissolved. The solution
was allowed to react over night. The next day, dilute hydrochloric acid was added to the pale
yellow reaction solution to precipitate a pale yellow solid. The crude product was suction filtered
and allowed to dry and used for the synthesis of 6 and 7 without further pv~fication. Yield,

18.5g (47.4%).

Reaction procedure for 6.

Crude 3,5-bis-(4-hydroxyphenyl)-thiobarbituric acid (0.500g, 1.52 mmol) 4-
Dimethylaminobenzaldehyde (0.227g, 1.52 mmol) were separately dissolved in ~10 ml and ~4 ml
of tetrahydrofuran respectively. With rapid stirring, the 4-dimethylaminobenzaldehyde solution
was added to the thiobarbituric acid solution to give an immediate red-orange color. After sitting
for 10 minutes, a red-orange solid was precipitated, which was filtered over a medium glass frit
under positive pressure and then died in air. Yield, 0.500g (71.5%).

Characterizing data for 6: lH NMR (dg-DMSO) 8 9.65 (s, 1H), 8.38 (d, J = 9.4 Hz, 2H), 8.24
(s, 1H), 7.03 (d, J = 8.7 Hz, 2H), 7.01 (d, J = 8.7 Hz, 2H), 6.77 (overlapping doublets, 6H)
3.12 (s, 6H). Anal Calcd for CosH21N304S: C, 65.35; H, 4.61. Found: C, 65.28; H, 4.64.
MS calcd for CysH21N3048S: 459.52. Found: 459.

Reaction procedure for 7.

3,5-bis-(4-hydroxyphenyl)-thiobarbituric acid (0.500g, 1.52 mmol) and 4-
Dimethylaminocinnimaldehyde (0.267g, 1.52 mmol) were each separately dissolved in ~10 ml
tetrahydrofuran. With rapid stirring, the 4-dimethylaminocinnimaldehyde solution was added to

the thiobarbituric acid solution to give an immediate purple color. After sitting for ten minutes, a
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purple solid was precipitated, which was filtered over a medium glass frit under positive pressure
and dried in air. Yield, 0.476g (64.4%).

Characterizing data for 7: !H NMR (d¢-DMSO) 3 8.26 (dd, J = 14.7, 12.5 Hz, 1H), 8.10(d, J
= 12.4 Hz, 1H), 7.77 (d, J = 14.7 Hz, 1H), 7.59 (d, J = 9.1 Hz, 2H), 7.01 (overlapping
doublets, 4H), 6.77 (overlapping doublets, 6H), 3.07 (s, 6H). Anal Calcd for Co7H23N304S:
C, 66.79; H, 4.77. Found: C, 66.70; H, 4.78. MS calcd for C37H23N304S: 485.56. Found:
485.
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